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Subiect: A study of a discharge regulator for Pole Hill Siphon--Colorado-

Big Thompson Project |

SUMMARY

The model studies presented in this report were made to determine
the possibility of regulating the flow through a siphon spillway by admitting
air into the throat, '

Three methods of admitting air into the siphon were‘ invéstigated:

1. Through the siphon breaker pipe, Figure 3

2. Through multiple air conduits, Figuré 4

3. Through slotted openings in the roof of the siphon,
Figures 6 and 12

The first method did not provide regulation over a sufficiently wide
range of discharge. The second method provided better regulation, but the
number of conduits needed to provide full regulation resulted in a cumber-
some device that would be impracticable for field.construction.

The third method, recommended for field installation, provided
excellent regulation. With the slots in & horizontal position, the siphon was
regulated for about 94 percent of the discharge range; with the slots in a ver-
tical position, there was regulation for the full discharge range,

Since it was desired to utilize on the Pole Hill Siphon the slotted regu-
lator developed in these tests and since the model tests were limited in scope
in that they did not establish the quantity of air needed to provide the proper
air-water mixture for the prototype structure, recommendations were made
to install a completely adjustable opening for the prototype regulator, Then,
based on field tests, the slot area needed to regulate the prototype siphon can
be determined and set. Recommendations were also made to obtain compre-
hensive data which can be compared with model data to provide a better under-
standing of the regulator for future designs.




INTRODUCTION

Several structures in the Colorado~-Big Thompson Project make
use of siphon spillways to provide a method of discharging the flow in
cases of emergency, such as power plant failure.

At one of these structures, the Pole Hill Power Plant, it was found
necessary to provide for a small diversion flow during the completion of the
power plant and penstock. The only available structure for discharging this
diversion flow was the Pole Hill Siphon.

The quantity of the diversion flow was considerably smaller than
the design discharge of the siphon. Since a siphon operates only at or near
its maximum discharge, an intermittent flow condition would result which
would be dangerous to the construction workers and fishermen in the area
below the power plant, '

If a method could be found to regulate the discharge of the siphon
it would eliminate the necessity of constructing an expensive turnout struc-
ture upstream in the canal.

During the course of the laboratory investigations, water was turned
into another of the Colorado-Big Thompson structures, the Marys Lake Siphon.
The operation of the siphon spillway was not satisfactory, and considerable
damage occurred at the discharge end of the siphon, Figure 1. When the siphon
was fully primed it discharged approximately 500G second feet, the inflow into
the forebay of the siphon was about 200 second feet. Due to the comparatively
small forebay area, the discharge lowered the water level 30 inches in approxi-
mately 15 seconds, allowing air to be admitted through the siphon breaker to
break the prime of the siphon and stop the flow. It took approximately 30 sec-
onds for the forebay to refill to the original level, whereupon the siphon primed
again and the cycle was repeated. At the discharge end of the siphon, the high-
velocity flow from the siphon swept the tail water away from the outlet; when
the flow ceased there was a reversal of flow in the tail water and it moved back
toward the discharge end of the siphon. About the time that the outlet was fully
submerged the siphon was discharging again and the two flows, traveling in
opposite directions, collided inside the downstream end of the siphon, produc-
ing tremendous pressures within the structure. The resulting stresses were
the cause of the damage to the structure as shown in Figure 1.

In most installations there is no problem as described above, but
there still remains a serious objection to the ordinary siphon. The charac-
teristic action of a siphon is to discharge the maximum flow whenever it oper-
ates and consequently, the protective works at the discharge end must be
capable of dissipating the energy in the maximum flow at all times, resulting
in an expensive structure.

If a satisfactory type of regulator could be developed, it could be
installed in new and existing siphon spillways and would serve the dual pur-
pose of preventing or lessening the probability of damage at the outlet of the
siphon and would also regulate the siphon outfiow so that the larger discharges
would occur only when necessary.




A regulated siphon spillway could be used to safely pass the low
flows that occur most of the time and still retain the advantage of having
sufficient capacity to pass the maximum flow in an emergency. The pro-
tective works could then be designed to produce excellent flow conditions
at all times for the normal flow and to handle shert-period emergency flows
without damage to the structure. Experience has shown this method to be
less costly than providing safe protective works for the maximum discharge
at all times,

The possibility that a regulator could be developed was indicated
in a paper in the 1938 Proceedings of the American Society of Civil Engineers,
page 1627, entitled ''Siphons as Water Level Regulators, ' by J. C. Stevens,

THE MODEL

Sufficient funds were not available to construct an exact model of
the Pole Hill Siphon, so it was decided to utilize a siphon which had been con-
structed for another purpose and was in storage in the Hydraulic'Laboratory.
This siphon had been built to obtain design data on low-head siphons for Waste-
way No. 2, Roza Division, Yakima Project, Washington.

The dimensions of the Yakima Siphon were not the same as any of
the Colorado~Big Thompson siphons, but minor modifications were made to
the model so that it would serve to indicate whether a siphon spillway could
be regulated to discharge less than the maximum capacity and still remain
partially primed. The top of the Yakima Siphon model was modified from the
crown to the upstream lip to represent the Pole Hill Siphon; the remaining
part of the structure was not changed. The scale ratio of this portion was
1: 4,614,

The structure used was constructed of heavy-gage galvanized sheet
iron with transparent plastic sides.

The siphon was installed in the lower end of the laboratory's steel
flume., The flume is 4 feet wide, 8 feet high, and over 80 feet long, During
the testing, it became apparent that even this comparatively large reservoir
area was not sufficient to reproduce exactly the priming characteristics of
the prototype siphon, Figure 2 shows the siphon and its installation; the no-
menclature and dimensions of the various parts are also given, Photographs
throughout the report show the siphon in operation,

Water was supplied to the steel flume from the permanent laboratory
pumps and measured by Venturi meters, The water supply was arranged so
that the flow could be diverted through a 4-, 6-, 8-, or 12-inch Venturi meter,
thus assuring accurate measurement of discharge for a wide range.

The water-surface elevation of the reservoir was measured by two
methods. A point gage was installed in the flume 10 1eet upstream from the
siphon; this was satisfactory for discharges up to 4 second feet, but for the
larger discharges the wave action in the flume was too pronounced to obtain
definite elevations. Therefore, a stilling-well with a hook gage was installed




on the outside of the flume, opposite the point gage, with a 1/2-inch inside-
diameter hose connecting the well with the flume. Both the hook gage and
the point gage were zeroed to the elevation of the siphon crest.

In order to represent the prototype exit conditions, the discharge
was retained by a gate at the end of the flume so that the outlet was sub-
merged at all flows, :

THE INVESTIGATION

Discussion of Siphonic Flow

A more complete discussion of the theory of siphonic flow can be
found in Hydraulic Laboratory Report No. Hyd-108. The following discus-
sion, however, is a general review of siphon action. ‘

When the flow starts over the crest of the siphon, it is the same as
flow over a spillway crest. On the downstrearn side of the siphon crest, how-
ever, a small lip is placed so that the sheet of water passing over the siphon
crest springs free of the surface and is deflected to the opposite side of the
barrel in a thin sheet, This sheet divides the barrel into two parts and pro-
vides an air seal between the two. The flowing water in the sheet pumps air
out of the throat, or upper section of the siphon, reducing the pressure to
below atmospheric. As the air in the throat is exhausted water rises to take
its place until the barrel is flowing full, The quantity may then be computed
by the orifice equation Q = CAY2gH, with H being the difference in elevation
between the reservoir and the tail-water surface,

When the throat is flowing full, the siphon is considered fully primed.
As soon as the siphon starts to prime it begins to discharge a greater amcunt
than can be passed over an open-crest weir, but the maximum capacity is ob-
tained only when the siphon is fully primed.

Once primed, the siphon will discharge at maximum capacity until
air is admitted near the crown or into the throat, This is usually done by
means of a siphon~breaker pipe installed near the crown of the siphon. The
entrance to this pipe is placed in the reservoir at some predetermined eleva-
tion so that when the reservoir level falls to this elevation air passes through
the pipe into the throat of the siphon and the prime is broken. If the siphon-
breaker entrance is below the crest elevation, flow ceases entirely., If the
entrance is above the crest elevation, the flow is reduced to the amount that
an open spillway crest would discharge., The reservoir water surface may
then rise until the siphon again primes and the same cycle is repeated.

It has been noted on some siphons that as the reservoir level falls
the discharge is reduced by an amount greater than can be accounted for by
the decrease in head. This usually occurs when the reservoir level is in the
vicinity of the siphon-breaker entrance, With only a thin layer of water over
the breaker inlet, the siphon breaker takes air through vortices, this air
mixes with the water and reduces the siphon discharge.




General Discussion of Tests

Three basic types of regulators were tested. In the first type the
intake end of the siphon~breaker pipe was modified so that some air was ad-
mitted at all reservoir levels, and so that as the level fell a progressively
greater quantity of air was allowed to enter. The second type was a multiple
air conduit having air passages under the lip of the siphon. The passages
were placed so that the reservoir elevation governed the amount of air that
entered; with lower water-surface elevations a greater number of the air-
passage entrances were exposed to the atmosphere, thus allowing greater
quantities of air to enter. The third type of regulator consisted of a slotted
opening in the top or hood of the siphon inlet located between the lip and the
crown. As the reservoir level fell, a greater area of the slotted opening
was exposed, allowing more air to enter.

The first two types of regulators provided some control but only
from maximum flow down to about 40 percent of the maximum discharge.
The third type, with slots in the hood, provided control for the full range
of discharge. ‘

Criteria for Good Performance

To determine the effectiveness of the regulating devices, reservoir
elevation versus discharge curves were plotted and compared, using data ob-
tained from the model. If the siphon under test was found to operate primed
over a wide range of discharge with only a relatively small change in head,
and if the outflow from the siphon increased and decreased uniformly without
breaking prime as the inflow increased and decreased, the operation was con-
sidered satisfactory.

Model-prototype Relation

All dimensions and discharges given in this report are actual model
figures. To obtain a corresponding prototype value, the model quantity should
be multiplied by the following z'elationshig%2 for length, by the model scale

N = 4,.614; area, by Nz; discharge, by N ; velocity, by N1/2, However,
care should be taken in scaling up any values involving discharges because -
the similarity between model and prototype siphons has not been proven in
cases where pressures below atmospheric are apt to occur. Furthermore,
it is known that prototype values involving entrained air cannot be predicted
from the simple relationships given here,.

Adaptation of Siphon-bréaker Pipe

Preliminary information received by the laboratory when the testing
started indicated that the construction of the Pole Hill Siphon had advanced to
such a point that modifications necessary to obtain flow regulation would have
to be accomplished by adding some convenient device to the existing structure
rather than by modifying the structure itself. It appeared that a simple device
added to the siphon-breaker pipe would serve to regulate the flow and this was
tried first.




The siphon-breaker pipe was equipped with a sleeve at the intake
end. This sleeve was made adjustable so that it could be set at different
elevations or easily removed. The first regulating device tested consisted
of a vertical slot cut in the lower end of this sleeve, Figure 3. The en-
trance to the sleeve was 3. 25 inches lower than the crest elevation, or
5.20 inches below the maximum allowable reservoir elevation. The height
of the slot was 3.90 inches, with an adjustable width of from 0.33 to 1.30
inches. :

The vertical slot in the siphon-breaker pipe did not produce satis-
factory results, The range in the reservoir elevation was from 0. 64 foot
above the crest at 7. 50 second feet to 0,05 foot below the crest at 3 second
feet. At 3 second feet the flow through the siphon temporarily ceased be-
cause the siphon lost its prime. Since the reservoir elevation was below
the crest, there was no flow until the inflow had raised the reservoir level
above the crest, then the siphon primed and flowed near maximum dis-
charge until the reservoir level was pulled down to a point where the air
entering the slot in the siphon breaker broke the prime.

Three other types of air slots in the siphon-breaker pipe were
tried, The first was a horizontal slot with its center line 0. 65 inch above
the crest., The second was a combination of the horizontal and the vertical
in the shape of a tee, The third was an inverted triangular opening with the
base of the triangle at the same elevation as the horizontal slot. All of these
modifications resulted in the same general type of action found with the ver-
tical slot, Schematic drawings of the slots and their discharge-elevation
curves are shown in Figure 3.

The four types of slots used in conjunction with the siphon-breaker
pipe failed to even show promise of providing the regulation that was being
sought, therefore, no further attempts were made to use the siphon breaker
as a regulator,

Multiple Air Conduits

Another device that could be added to the prototype siphon spill-
ways without rebuilding them was a multiple air-conduit type of regulator.
This regulator consisted of multiple air conduits passing under the lip of the
siphon to admit air near the crown through inlets placed at different elevations
in the headwater pocl., The theory behind this type of regulator was to expose
more air inlets and provide a greater air supply to regulate the flow as the
reservoir fell and the discharge was reduced. Two types of conduits were
tested, The first consisted of relatively small diameter tubes and the other
of larger rectangular passages.

Rather than make needlessly long tests to determine the effective-
ness of the multiple air conduits, two necessary criteria were first checked,
If one or both failed, testing was immediately stopped and a new device tested.

The criteria were: (1) to determine whether the discharge at which
the siphon broke prime was sufficiently small to insure the required range of




continuous flow, and (2) to determine whether the difference in reservoir
elevation for maximum and minimum flow was ‘acceptable,

Pipe Conduits

The pipe conduits were made of 3/8-inch inside~-diameter rubber
tubing., The tubes were placed in horizontal rows, six tubes tc a row. The
entrances to the first row of tubes were at approximately 0,65 inch above .
the crest. The tubes were passed below the lip and along the roof to a point
about halfway between the lip and the crown, Figure 4.

Three tests were made with the pipe conduits.  For the first test
one row of six tubes was used. The center line of the row was 0.65 inch
above the crest. The discharge range on the first test was from 8 to 1.7
second feet, but the change in reservoir elevation was too great for effective
regulation. For 1.7 second feet the reservoir was drawn down to the lower
edge of the lip, or 3.90 inches below the crest, making the operation un-
satisfactory.

For the second test another row of six tubes was added, with the
center line of their entrances 1 inch above the center line of the original
row, With the second row of tubes added, slightly better control was ob-
tained. The discharge could be reduced to 1.5 second feet before inter-
mittent outflow started with the minimum reservoir elevation 2,71 inches
below the crest,

A third row of six tubes placed 1 inch above the second failed to
appreciably lower the minimum discharge at which siphon action stopped.
Although the reservoir elevation at the minimum discharge, 1,45 second
feet, was 1.19 inches higher than for the previous test, it was still 1,52
inches below the crest, which was too wide a range in reservoir elevation
for the type of regulation that was being sought. -

Thus each row of air tubes added to the regulator increased the
primed range of the siphon slightly and decreased the range of reservoir
elevations, Therefore, it appeared that greater guantities of air should be
admitted to provide the desired regulation, However, to provide a greater
quantity of air by means of individual pipes would result in an unwieldy ar-
rangement that would not be practical for field construction. A system of
rectangular conduits was then devised to provide air-openings having a larger
net area,

Rectangular Conduits

The principle of the rectangular conduits was the same as that of
the multiple pipe conduits; namely, to admit some air into the stream at all
times, and as the reservoir elevation fell, to admit more air to further re-
duce the siphon discharge.

This regulator consisted of three rectangular conduits placed one
above the other. Each conduit in cross section was 1/2 inch by 14 inches.
The entrances of the conduits were arranged in tiers so that as the reservoir
elevation fell 1 inch another conduit was exposed to the atmosphere and more




air was drawn through the conduit into the barrel of the siphon, The en-
trance to the top conduit was 1. 60 inches above the crest, The conduits

passed underneath the lip of the siphon and extended, parallel to the roof,
toward the crown for 1 inch, Figure 5,

With this type of regulator, the range of primed siphon flow was
from 8 to 1.8 second feet. At maximum discharge the reservoir elevation
was the same as for the previous regulators, For the minimum discharge
the reservoir level was 0,90 inch below the crest elevation, indicating an
improvement in this respect., However, at this point the siphon discharged

in surges. The siphon barrel filled with water and then started drawing air; . o
the air rapidly replaced the water until there was only about 2 inches of R
water flowing over the crest, then the barrel again filled with water and the RTa
process repeated itself, This cycle usually repeated three or fcur times . e

before the flow ceased entirely., When the reservoir elevation had risen
enough to reprime the siphon, the surging cycle started again. The opera-
tion was extremely poor.

It appeared that the air was not being introduced into the flow suf- B
ficiently close to the crown of the siphon and that this might be the cause of S
the surges. The downstream ends of the chambers were then extended along
the roof to a point approximately halfway to the crown, Figure 5, With this
regulator the minimum steady flow was 1.5 second feet at the same reser-
voir elevation indicated in the previous test. At 1,4 second feet the surging
again occurred with the exception that the flow ceased entirely on the fifth or
sixth surge instead of the third or fourth,

In order to have effective regulation, it was apparent that the needed
quantity of air must be supplied instantaneously to the area needing it. With
pipes or air conduits being used as air passages, and fastened to the struc-
ture in the manner they were, the passages filled with water when the reser-
voir was at the higher elevatlons, and as the reservoir fell below the passage
entrances some water remained in the tubes, A sufficiently large differential
pressure then had to be developed to exhaust the water from the conduit before
the air could flow into the siphon barrel. The resulting time lag was too long
to allow the smooth and constant regulation that was being sought,

As a result of these tests, it was decided that it would be necessafy
to modify the siphon itself rather than add some device to the existing struc-
ture,

Slot Controls

To simplify the method of introducing air into the siphon, a regulator
consisting of slots cut in the roof or inlet to the siphon was used, Figures 6
and 12, In the model two adjacent rectangular areas, each 4 inches high by .
6 inches wide, located 1 inch from either edge of the siphon with 1 inch be-

tween them, Figures 6 and 12, were cut out of the roof of the siphon. The

bottom edge of the opening was located 0, 26 inch above the crest, Sheet-

metal plates were made and installed over the rectangular openings to pro-

vide slots which could be adjusted for size and location. The photographs




in Figures 7, 8, and 9 show the horizontal slots and the photographs in
Figures 13, 14, and 15 show the vertical slots.

The first tests made with the slots placed horizontally gave very
close control of the reservoir elevation for the entire range of discharges
and smooth siphon outflow from a maximum of 8 second feet down to ap~
proximately 0,50 second-foot. The next tests, with the slots in a vertical
position, indicated that the control of the reservoir elevation was not as
close, but smooth flow was obtained from 8 to 0, 35 second feet. For flows
less than 0,35 second-foot, the siphon operated as a weir with no rough
transition zone, giving, in effect, smooth flow from maximum discharge o
to zero. ‘

Horizontal Slots~~-Orifice Type

The two openings cut in the roof of the siphon and covered with the
sheet-metal plates provided two openings 1/2 by 6 inches. The walls on
three sides of the slot were the same thickness as the siphon roof and the
fourth side was similar to a sharp-edge orifice, due to the plate covering
the original opening, Figure 6, ‘

Priming characteristics, When flow starts over the crest of a
siphon the intake is submerged, and the barrel on the downstream side is
sealed by the sheet of water that is deflected across the barrel, This traps
a quantity of air in the crown of the siphon that must be exhausted before
the siphon can prime; this air is exhausted by the flowing sheet of water,
Every time the siphon primes, the same quantity of air must be exhausted,
and the elapsed time of priming is almost constant regardless of the rate of
inflow or rate of rise of the reservoir, It is apparent, therefore, that the
rate of rise of the reservoir has an important bearing on the reservoir ele-
vation at which the siphon primes. With a rapidly rising reservoir, higher
priming head results.

The siphon model was not built for an exacting stuay of priming
characteristics and consequently, because of the comparatively small fore-
bay area, the rate of rise of the reservoir for inflows above 3 second feet
was too great to obtain the minimum required priming head with any degree
of accuracy. With the horizontal slotted:type of regulator, the siphon primed
before the slots were fully submerged at inflows up to 1,5 second feet. For
inflows greater than 1.5 second feet, the slot was fully submerged before the
siphon primed, with the required priming head becoming fairly constant at
inflows of 2,25 to 3 second feet, Figure 10, Curve I,

Operation, When the siphon primed for inflows above 2 second feet,
it discharged near maximum until the reservoir elevation had been lowered
enough to permit air to enter through the slots, Some air entered the slots
before the water level dropped to the slot elevation because of vortices that
appeared on the water surface and because of a local depression in the water
surface near the slots, Figure 9, As the reservoir dropped, the intake of
air increased uutil a proper mixture of air and water was obtained which




stabilized the discharge and the reservoir elevation, The discharge through
the siphon and the elevation of the reservoir then remained constant as long
as the inflow into the forebay remained constant. When the inflow was in-
creased or decreased, the siphon made the necessary adjustment in both
discharge and reservoir elevation without the prime being broken. Figures
7, 8, 9, and 17 show the operation for different discharges.

With the horizontal orifice-type slot the siphon primed at any inflow
greater than 0,50 second-foot, and after discharging enough water to draw-
down the reservoir to the point that sufficient air was admitted through the
slot to obtain an air-water balance in the barrel of the siphon, steady flow
occurred. Whenthe inflow was less than , 30 second-foot the siphon operated as
aweir. For inflows between0, 30and0. 50 second-foot, the siphonprimed, dis-
charged as & siphon for a short period, the prime thentemporarily broke, and
weir flow nccurred until the siphonreprimed. The time for the above cyclewas
only a minute for the mode! and the difference in quantity between the weir flow
and primed flow was sufficiently small that no undesirable flow condition occurred.

A curve giving the reservoir elevation in feet above the crest at any
discharge is shown in Figure 10, Curve A, From the curve for the horizontal
orifice-type slot, the head above the crest at 8 second feet is 0.295 foot and
at 0.50 second-foot the head is 0,135 foot, or a total drop of 0,16 foot be-
tween the maximum and minimum discharges. .

To obtain the effect of the elevation of the slot on the siphon, the slot
was placed at different elevations along the roof, The same type of operation
occurred regardless of the vertical location of the slot, with the same dis-
charge limits for smooth flow, However, the reservoir elevation was directly
dependent on the vertical location of the slot. A small clange in location of
the slot, either above or below the eievation used in the previous tests, re-
sulted in a similar change in the reservoir level,

A smaller slot, 3/8 by 6 inches and a larger slot 3/4 by 6 inches,
both of the orifice type, were also tried, The 3/8-inch slot did not have suf-
ficient area to provide the air required, and consequently the reservoir was
drawn down near the lip of the siphon, resulting in the prime being broken at
discharges as high as 1.5 second feet. The 3/4-inch slot provided too much
area, and whereas the reservoir elevation did not drop as much as with the -
1/2~inch slot, the quantity of air that entered caused the prime to be partially
broken at flows under 3 second feet, which in turn resulted in intermittent
flow through the siphon due to the tendency of the siphon to reprime. The
intermittent flow condition consisted of a short period of small discharge
followed by a short period of large discharge,.

Horizontal Slots-~Solid-wall Type

In place of the sheet-mietal plate forming the fourth wall of the slots,
a solid wall the same thickness as the siphon roof was used. The dimensions
of these slots were also 1/2 by 6 inches, Figure 11,

Operation. The priming and operating characteristics with the solid-



wall-type slots were, in general, the same as for the orifice-type slots.
Two differences in the operation were noted:

1. At a given discharge the reservoir elevation was lower for
the solid wall slot than it was for the orifice type, Figure 10, Curves
A and B,

This can probably be explained by the fact that the air-quantity
necessary to regulate the siphon at a given discharge is the same re-
gardless of the type of air slot. An orifice-type slot will pass more
air than the solid-wall type having the same area, therefore, the re-
duced pressure in the siphon is relieved with a smaller air opening,
i.e., a higher reservoir elevation when an orifice-type opening is
used, ,

2. At a discharge of approximately 2. 75 second feet there was
an abrupt drop in the reservoir elevation of about 0,035 foot, There
was still steady flow through the siphon after the change in elevation,
but the head-discharge curve had a steeper slope for discharges below
2.75 second feet than it did for discharges greater than 2.75 second
feet, Figure 10, Curve B, This drop in elevation was established by
obtaining numerous points in the region of this discharge, so there
could be no doubt as to its veracity. No explanation for this drop can
be given, however,

Vertical Slots

The vertical slots used were of the orifice type, formed by sheet~
metal plates partly covering the original openings and forming slots at the
center of each of the openings in the roof of the siphon, Figure 12. The
height of the slots was 4 inches, measured along the slope of the rocf, with
widths of 1/2 and 1 inch being used. . '

Priming. With the vertical slots the reservoir elevation had to be
approximately 0, 25 foot above the crest before the siphon primed, Figure
10, Curve C, When the reservoir was at this height the slots were fully sub~
merged and the air in the barrel could be exhausted without more air entering.
Once the slots were submerged the length of time for the siphon to become
fully primed was the same as for the horizontal slots.

Operation. The vertical slots provided steady and continuous flow
from the maximum to zero discharge, with siphonic flow occurring from 8
second feet to approximately 0. 35 second~foot and weir flow from 0,35 second~-
foot to zero with no rough transition between siphonic and weir flow. Figures
13, 14, 15, and 17 show the operation at different discharges.

Although there was no break in the flow with the vertical slots, the
reservoir elevation was higher at all discharges than it was for the horizontal
slots, Figure 10.

When the width of the vertical slot was changed to 1 inch, the reser-
voir elevation for all discharges above 0,30 second-foot was higher than it was




for the 1/2-inch width, since the needed amount of air could be obtained with
less drop in reservoir elevation with the wider slot. Below 0. 30 second«foot
there was weir flow and the reservoir elevation was the same for both types of
slots, Figure 10, Curve D, :

Comparison of Horizontal and Vertical Slots

The desired regulation was obtained with either the horizontal or
the vertical slots; however, each type had some advantages over the other,
depending on the type of regulation being sought, i.e., discharge regulation
or reservoir elevation regulation,

Discharge regulation. The vertical slot gave the best discharge
regulation, with coniinuous flow from zero discharge to maximum.

The horizontal slot gave continuous regulation from 0.45 second-
foot to maximum discharge. For flows under 0,45 second-foot the siphon
primed and discharged for a short time, the prime then broke and there was
a small flow comparable to open-crest weir flow until the siphon reprimed;
this cycle repeated itself until the inflow was increased above 0. 45 second=-
foot. Some of the discharge cycles are shown and explained in Figure 16.

Reservoir elevation regulation. The horizontal slots provided better
reservoir elevation regulation than the vertical slots, When the orifice~type
slot was used, the change in reservoir elevation between a discharge of 7.75
second feet and 0. 45 second-foot was 0.132 foot for the horizontal slots and
0. 190 foot for the vertical slots. In other words, there was approximately
30 percent less change in reservoir elevation with the horizontal slots than
with the vertical slots,

The solid-wall type was only used for the horizontal slot so a com-
parison between horizontal and vertical solid-wall slots cannot be made.
However, as shown in Figure 10, the change in reservoir elevation between
maximum and minimum discharges with the horizontal solid-wall slot was
much greater than it was with the horizontal orifice-type slot, indicating that
the change in reservoir elevation for a vertical solid-wall slot would be
greater than it was for the horizontal solid-wall-type slot. - Photographs show-
ing the flow in the siphon barrel for a discharge of 2 second feet with the hori~
zontal and vertical slots are shown in Figure 17,

RECOMMENDATIONS

The quantity of air necessary to regulate the prototype siphon can-
not be accurately predetermined from a small scale model; therefore, pro-
visions should be made in the prototype structure to provide slots that can be
easily changed to obtain the needed area,.

A suggested method is to provide open areas in the structure com-
parable to the 4- by 6-inch rectangular areas in the model. Steel plates can
then be used to partially cover the areas, leaving either horizontal or vertical
slots. The exact size of the slot can then be determined by adjusting the steel




plates during operation of the prototype structures, Once adjusted, the
plates should not have to be changed.

The Hydraulic Laboratory expects to make further studies on
model and prototype siphon spillways. The model-testing program will
include further studies on regulation with slotted controls. When the
field tests are made to determine the size of the prototype control slots
for the Pole Hill Siphon, a representative of the Hydraulic Laboratory
should be present so that the information obtained can be correlated with
the model data,




Damage at the discharge end of the Marys Lake siphon
Photograph taken March 19, 1951
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Top photograph shows air and water entering the slot.
Lower photograph shiows operation of the siphon par-
tially primed, at about one-eighth maximum discharge.
Reservoir elevation shown in water column on right edge
of photograph.

SIPHON REGULATOR
Horizontal orifice-type slot
Discharge - 1 second-foot

FIGURE 17
HYD 335




than top of slot; top

photograph shows local drawdown of the water surface
near the slot. Lower photograph shows the air-water
mixture at about one-half maximum discharge

Reservoir elevation slightly higher

SIPHON REGULATOR
Horizontal orifice-type slot
Discharge - 4 second-feet

3
FIGURE 8
HYD 335




Reservoir elevation above top of slots, some air entering
resulting in a local depression of the water surface near
the slots. Lower photograph shows the air-water mixture
at about maximum discharge.

SIPHON REGULATOR
Horizontal orifice-type slot
Discharge - 8 second-feet

-

3
-

FIGURE 9
HYD 335




FIGURE 10
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RESERVOIR ELEVATION-FEET ABOVE GREST

40 50
DISCHARGE-SECOND FEET

CURVE A:
Horizontal orifice type slot. Smooth flow ceoses of gpproximotely 0.50 second -feet.
Total chonge in resevoir elevotion between 8 sec. ft. and 0.50 sec ft is obout 0.160 feet.

CURVE B:
Horizontal solid wall type siot. Smooth flow ceoses ot approximately 0.50 second-feet.
Total change in reservoir elevotion between 8 sac.ft. ond 0.30 sec. ft. is about 0.242 feet.
Note the abrupt drop in reservoir elevation gt obout 2.70 second-feet.

CURVE C:
Vertical orifice type siot /2" wide. Smooth fiow through full operating ronge of siphon.
Siphonic flow from 8 sec. ft. to 0.35 sec. 1. wier flow from Q35 sec.ft to zero.
Total change in reservoir elevoticn between 8 sec. 4. ond 050 sec.ft is cbout 0.190 feet.

CURVE O
vertico! orifice type slor, 1° wide —-same operating charocteristics 0s ' wide slot.

CURVE E:

This curve shows the reservoir elevation needed for the siphon %o prime "ot o given inflow
into the flume. For any inflow greoter fthan 3.20 sec. ft the woter surface in the flume
was rising too fost to obtoin an cecurate elevation ot the time the siphon primed.
Horizontal orifice type slot was used when this curve wos obtained.

SIPHON SPILLWAY
DISCHARGE REGULATOR

RESERVOIR ELEVATION VS. DISCHARGE CURVES
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FIGURE 13
HYD 335

Partially primed operation. Top photograph shows very
little local draw-down around slots, Water column at
right edge of lower photograph shows reservoir elevation,

SIPHON REGULATOR
Vertical orifice-type slot
Discharge ~ 1 second-foot




Slight water surface draw-down near slots. Lower
photograph shows air-water mixture at about one-
half maximum discharge. The air seems to be better
distributed with this type of slot than with the horizon-
tal slot, see Figure 8.

SIPHON REGULATOR
Vertical orifice-type slot
Discharge - 4 second-feet

2

*
FIGURE'1
HYD 335




Reservoir elevation higher than top of slots. Some air
entering slots through vortices, Lower photograph
shows air-water mixture at about maximum discharge,

SIPHON REGULATOR
Vertical orifice-type slot
Discharge - 8 second feet

FIGURE 15
HYD 335




FIGURE 16
REPORT HYD, 3393
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For a siphon equipped with horizontal orifice type slots, with on inflow of 3 second-feet.

As the flow storts over the siphon crest the reservoir. rises and the dischorge increases
as shown by line A-B on the groph, when the reservoir elevation reoches B the siphon
primes ond the discnarge instontaneousiy increases os shown by line B-C. The reservoir lavel
then folls ond the discharge decreoses, 98 shown by line C-D,untit the siphon is discharging 3
second-feet. The siphon will continue to pass 3 second-feet with a steady resarvoir alevation
as long os the inflow remains ot 3 second-feet. if the inflow decredses 10 0.50 saecond-feet the
reservoir elevation ond the dischorge will decrease,0s shown by fine D-E, without brecking prime.
For any increose in inflow the siphon dischorge ond the reservoir elevotion will smoothly change
glong curve 2. For on inflow less thon as0 second-feet, soy G.30 second-feet, the resarvoir
elevotion and discharge will increase 0s shown by line A-K, the siphon then primes ond the
discharge increases os shown by line K-L, the discharge ond reservoir elevation then decrease
as shown by line L-E', the siphon then bregks prime ond the discharqge decreoses from E’ to
M ond the cycle M-K-L-E' repents.

For o siphon equipped with vertical oritice type slots, with any infiow s :

For on inflow the reservoir elevation ond discharge increase along curve I to point O ond then
giong Cufve 4 until the discharge equals the inflow. The discharge ond reservoir slevation
remoin steady as long os tha inflow stoys the same, if the inflow increases or decreoses
the discharge ond reservoir elevotion smoothly chonge regordless of the quantity of
inflow. The reservoir elevation~-dischorge relation clwoys follows curve | up to point O
and curve 4 for volues greoter than point O.

SIPHON SPILLWAY
DISCHARGE REGULATOR
DISCHARGE CYCLES

Interior - Reclamation - Denver, Colo.




Vertical slot regulation Horizontal slot regulation

Discharge about one-fourth of maximum, Water column on

right edge of each photograph shows the reservoir elevation.
The air seems to enter the horizontal slots in slugs and the

vertical slots steadily; however, notice the similarity of the
air-water mixture in the lower leg of the siphon.

SIPHON REGULATOR
Comparison o5 flow in siphon barrel.
Discharge - 2 second-feet
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